A radar echo population of 179 thunderstorms generated in the Tokyo metropolitan area on , when the Zoshigaya rainstorm occurred in the center of Tokyo, is presented. Analysis was made using three-dimensional radar data from the Japan Meteorological Agency. One third of total convective cells had diameters of less than 3.5 km and the average diameter was 5.5 km. The mode of lifetimes of cells was from 20 to 40 minutes, and 88% of cells disappeared within 60 minutes after their initiation. The echo-top height of half of the cells reached 15 km, which was the limit of radar observation. Although the rainfall amount estimated from the radar echo was less than 40 mm for half of the cells, whereas one third of total cells counted were estimated at more than 60 mm. Vertically integrated liquid water (VIL) ranged from 1.4 to 42.4 kgm −2 . Maximum VIL was equivalent to 70% of precipitable water estimated from upper sounding on that day. The speed of cell travel was less than 2 ms −1 in accordance with the weak wind velocities in the lower to middle troposphere. The time from echo initiation to rainfall peak was as short as 10 to 30 minutes for almost all cells. Thunderstorms com
Introduction
Morphological aspects of air-mass thunderstorm generated in the Tokyo metropolitan area (hereafter, "Tokyo") on a day in the summer season are statistically investigated using three-dimensional reectivity data obtained from the radar network system of the Japan Meteorologi- 1 . This paper is translated with revision from the TENKI journal published by the Meteorological Society of Japan. cal Agency (JMA) (Part I). The feasibility of nowcasting local heavy rainfall induced by thunderstorms is studied (Part II). This study begins with local heavy rainfall generated at and around Zoshigaya, Tokyo, before noon on (hereafter, the "Zoshigaya rainstorm"), which caused an accident in which 5 workers working at a sewer construction site were swept away and killed due to a ash ood [1] . This was a typical urban ood disaster [2] . According to radar observations by the JMA on , 179 thunderstorms were generated in the Tokyo metropolitan area from morning to evening of the day. The Zoshigaya rainstorm was induced by two of these thunderstorms (Fig. 1) . The study goal of Part I is to determine whether the two were special among the 179 thunderstorms and what the behavior of other thunderstorms was.
In the surface meteorological observations manual by JMA (JMA 2011) [3] , thunderstorms are dened as "dense clouds signicantly developed in vertical that appear like mountains or huge towers." In many cases, rainfall disasters such as ooding and landslides are caused by thunderstorms. Thunderstorms also cause windstorms such as tornados, downbursts, or gust fronts, as well as lightning damage. The JMA denes heavy rainfall as "rain that may causeadisaster" [4] .
Thunderstorms that are not dominated by synopticscale disturbances such as cyclones and occur in a random manner are called "air-mass thunderstorms" or "singlecell thunderstorm" [5, 6] . Even though they are small on the horizontal scale and have short lifetimes compared to organized convection such as "mesoscale rain systems" [7] , they sometimes cause local heavy rainfall and bring about damage. The Zoshigaya rainstorm is a typical case of this in which two thunderstorms with diameters of less than 10 km caused rainfall of 154 mm in two hours [8, 9, 10, 11] . This phenomenon is called "unstable rainfall" and is monitored with special attention by weather forecasters, but it is difcult to provide heavy rainfall warnings with sufcient lead time, i.e. elapsed time from issuing warning to beginning of heavy rainfall [12] . Many studies on air-mass thunderstorms have been made since the 1940s [5, 13] , an understanding of the characteristics of this type of thunderstorms, however, still is lacking and further studies are required in order to issue warnings with an efcient lead time for local heavy rainfall induced by thunderstorms.
In this paper, statistical analysis is presented on the basis of morphology classication using three-dimensional reectivity data (3-D radar data) on a 1-km horizontal and vertical mesh obtained from radar observations [14] every 10 minutes, targeting 179 thunderstorms generated in and around Tokyo on , when the Zoshigaya rainstorm occurred.
Outline of Environmental Field and Echoes
On , there was a traveling anticyclone in the Sea of Japan that almost entirely covered the Japanese Islands, whereas a weak stationary front was analyzed from the coast of Sanriku to the northern part of Kanto (Figs. 2a and c ). Winds were weak over Honshu, which was covered with a band-shaped high-pressure zone at 500 hPa (Fig. 2b) . According to soundings at 0900 Japan standard time (hereafter "JST") as shown in Fig. 2d Island air masses, the air mass over Tokyo was similar to, is not determined, yet in either case, strongly organized convections such as super-cell storms were not likely to be formed in the air mass [15] . The equivalent potential temperature at 950 hPa at Tateno was 353 K, and deep convection reaching the level of neutral buoyancy, 14 km, might be generated, if the air mass at this altitude was forced to rise to a level of free convection, 1.5 km. The altitude of 0
• was 4.9 km. In this study, the experiment area was dened as a 140 km square plain including surrounding prefectures centering on Tokyo. Thunderstorms began to be generated in the experiment area at around 0900 JST and were generated and disappeared repeatedly until 1800 JST, peaking in generation at around 1400 JST. The radar echoes generated from 0900 to 1800 JST were investigated here. As indicated by Mura (2009) [8] , there were three wind ow systems near the surface above the Kanto region: a southerly wind system from the Boso Peninsula and Sagami Bay, a northerly wind system in Tochigi and Saitama, and a easterly wind system from the Pacic Ocean. This circumstance corresponds to an E-S type wind system typical of this area in summer [16] . Even under the condition of a wind system classied as an E-S type, however, organized thunderstorms over 20 km in horizontal scale may develop as shown in the analyses by Uesugi and Tanaka (2008) [17] and Kawano et al. (2008) [18] . This is presumably due to differences in atmospheric stability, vertical wind shear, and surface friction, and presence or absence of cold outow from thunderstorms, but this is not discussed here.
As seen in the occurrence of radar echoes, thunderstorms began to be generated at around 0900 JST in the north part of Chiba ( Fig. 3a) and were almost on a north-south line in mid-northern Chiba due to the convergence of southerly and easterly ows at around 1030 JST (Fig. 3b) . From around 1100 JST, southerly and northerly ows converged and thunderstorms were generated centering on Tokyo. After moving northward very slowly, they almost stayed and developed in an area contacting the easterly ow from the Pacic Ocean. Fig. 3c shows the radar echoes generated in Zoshigaya, Tokyo, when heavy rainfall hit the sewer construction site at 1200 JST. The dominant area for thunderstorm generation then moved from Tokyo to north Kanagawa (Fig. 3d) . 
Overview of Convection Activities and Analysis Method
At the rst, the "convective cell" is dened. Ogura et al. (2002) [6] classied thunderstorms generated on the Kanto Plain into three types: air-mass thunderstorms, frontal thunderstorms, and vortex thunderstorms, depending on the trigger of generation. Air-mass thunderstorms are further divided into four subtypes: mountain, mountain to plain, plain, and widespread. Figure 4 shows the distribution of JMA radarraingauge composite rainfall amount integrated in the analysis period. There are 7 regions, from A to G, in which rainfall of 60 mm or more was recorded. It is possible that the weak stationary front indicated in Fig. 2a contributed to the generation of convective cells in regions A and B. These are, however, classied as plain air mass thunderstorms in this study, because there is hardly anything with the nature of a front with this "stationary front" in the temperature eld or wind eld. Convective cells in regions C, D, E, and F are plain-type thunderstorms generated on plains or in hills. Heavy rainfall warnings were issued in the analysis period in regions C, D, and E, which are areas of dense human habitation. Rainfall in region G is due to mountain air-mass thunderstorms generated over mountains rather than planes. Our analysis covers the 179 convective cells generated on the plains of regions A-F, excluding convective cells in region G.
Each convective cell was traced from generation to dissipation and numbered serially based on 3-D radar data obtained every 10 minutes. Since radar echoes often occur at an altitude of 2 km or higher in the generation phase of convective cells, cells were traced referring to the values of reectivity at the 2 km level (Z 2km ) along with vertically integrated liquid water (VIL [19] ). A time-series graph of the "radar index" values listed in Table 1 corresponding to circles with a diameter of 3.5 km account for approximately one third of the total (57). The number gradually decreases as horizontal size increases. The mean is 24 km 2 for the same diameter of 5.5 km and the maximum value is 82 km 2 for the same diameter of 10.2 km. Note that relatively small convection is generally dominant. Figure 6 shows a histogram for the lifetime of each convective cell. The mode (the value that appears most often in a set of data) of the lifetime is between 20 and 40 minutes, and 86% of all are concentrated below 80 minutes, which means that most thunderstorms were classied into the single-cell type. Mean lifetime was 48 minutes. There were, however, convective cells with longer lifetimes, and the lifetime of 13 convective cells reached 120-220 minutes. Although multicell thunderstorms [20] with a longer lifetime were generated, it is likely that the replacement of convective cells in a thunderstorm could not be traced by the radar observation at 10-minute intervals. Figure 7 shows a histogram of the maximum echo-top height of each convective cell in its lifetime. The number of the echo-top height gradually increased from 4 km up to 14 km. The most prominent feature of this histogram is that echo-top height exceeded the level of neutral buoyancy of 14 km in the case of 98 convective cells, 55% of the total and reached the radar measurement limit of 15 km. Mean echo-top height was 12.3 km. The level of neutral buoyancy of 14 km is based on the upper sounding in Tateno at 0900 JST (Fig. 2d) . The level of neutral buoyancy during the daytime in the analysis period may be higher than the value at 0900 JST considering heating on the surface by solar radiation, an increase in upward sensible heat ux, and the resulting development of the atmospheric boundary layer. It is also likely that some of the thunderstorms exceeded the tropopause of 15.8 km. The nonuniformity of stratication, entrainment of surrounding unsaturated air into the thunderstorms, and the presence of the compensating subsidence of updrafts around thunderstorms are considered as reasons why about half of the convective cells did not reach the level of neutral buoyancy. Figure 9 is a histogram of the maximum value of rainfall intensity of each convective cell at an altitude of about 2 km. This rainfall intensity was calculated from reectivity from radar observation at an altitude of about 2 km by applying the radar calibration method of the JMA [21] using rain gauge data (Appendix A). Convective cells of 67% (120) of the total temporarily exceeded "very intense rainfall" of 60 mm/h, and half of the cells (94) indicated "torrential rainfall" of 80 mm/h or larger. In addition, especially high rainfall intensity of 180 mm/h or more is indicated for 17 convective cells. There is a peak between 200 and 204 mm/h, because the upper limit of rainfall intensity measurement by radars is xed at 204 mm/h by the JMA. Figure 10 shows a histogram of the total rainfall amount, which was obtained by integrating rainfall intensity values at the 2 km level at each convective cell over its lifetime. Note here that rainfall intensity values were divided by six, because the radar observation was made 6 times in one hour. The total rainfall amount of 93 convective cells, corresponding to 52% of the total cells, was less than 40 mm. The next peak is seen between 60 and 80 mm, and the number of cells gradually decreases to 200 mm with two cells indicating the highest values of 240-280 mm. As seen in Fig. 4 , the large amount of rainfall recorded in the area resulted from the fact that active convective cells moved slowly or were almost stationary. Threshold values for issuing heavy rainfall warnings by the JMA are dened in each city and town, and a rainfall amount of 60 mm per one hour is applied as the threshold in most cities and towns in Tokyo. Fig. 10 shows that 66 (1/3 of the total) convective cells recorded total a rainfall amount of 60 mm or greater. Heavy rainfall warnings are issued considering the duration time of rainfall (lifetime of thunderstorms), as is further discussed in Section 4.4. gence of horizontal water vapor ux, while VIL in thunderstorms may uctuate with factors such as horizontal advections of hydrometeor. Precipitable water and VIL are therefore not simply comparable, but the maximum value of VIL in this study does not exceed the precipitable water value calculated from radiosonde observations and seems to be within the appropriate range.
Vertically integrated liquid water density (VILD), obtained by dividing VIL values by echo-top height, can be considered as the mean of rain water content in convective cells. As seen in Fig. 12 , VILD ranges from 0.5 to 3.4 gm −3 with a peak between 1.0 and 1.5 gm −3 . Although the physical meaning of VILD have not been discussed much, it is reported that hail with a diameter of 19 mm falls when the VILD value is 4 gm −3 or greater, and that there is almost no hail when the value is smaller than 3.5 gm −3 [22] . Uchida et al. (2010) [23] investigated hail events in Japan and proposed an algorithm that hail exists when three conditions are met: VILD is greater than 3.5 gm −3 ; the maximum value of reectivity in a thunderstorm is greater than 55 dBZ; and echo-top height is greater than 8 km. There were no convective cells with VILD greater than 3.5 gm −3 on August 5 2008. Consequently, it was unlikely that hail was present in thunderstorms generated on the day. 
Relationship Among Radar Indices
The relationship among radar indices and individual statistics is examined using the scatter diagrams in Fig. 13 . Although there is a tendency that the higher the maximum value of Z 2km is, the longer the lifetime of convective cells, a close relationship to one-to-one correspondence cannot be seen between them (Fig. 13a) . A positive correlation between Z 2km and total rainfall amount can be also seen in Fig. 13b despite large dispersion. Fig. 13c also shows a positive correlation between the lifetime of convective cells and total rainfall amount, but there was a convective cell that caused torrential rain of 130 mm in a short lifetime of 50 minutes. If none of the convective cells on the day moved and 60 mm per an hour was selected as a threshold for heavy rainfall warnings, one third of all convective cells, plotted above the polygonal solid line in Fig. 13c , were objects of heavy rainfall warnings.
Since rainfall intensity is the downward ux of rain water at the bottom of thunderstorms and VIL is the total amount of rain water in thunderstorms, a certain correlation may be expected between rainfall intensity and VIL. Fig. 13d indicates a positive relationship between these values, yet no high relationship is seen. One of the reasons for larger dispersion between the two is thought to be errors in VIL values due to the fact that a xed distribution of raindrop diameter was used in its calculation and the existence of the melting band and ice particles was not considered, and the fact that consideration was not made for the time delay for rain water aloft to reach the bottom of thunderstorms. Figure 13e indicates that there is an upper limit of the total rainfall amount at each echo-top height. This corresponds to the fact that the production of rain water in thunderstorms depends on the magnitude of upward motion, and the stronger updraft a thunderstorm has, the taller it is.
Movement
Almost all of the 179 convective cells were generated and disappeared independently and were not organized in lines or other forms. Weak vertical wind shear is considered to be a factor in the situation. Individual convective cells in regions A and B in Fig. 4 moved at a speed of about 2 ms −1 to the north-northeast. Convective cells in regions C, D, and E were generated in central Tokyo and north Kanagawa after noon on , and seemed to move slowly toward the west, but movement resulted from the "propagation" mode in which a new convective cell was generated westward and the existing cell declined and disappeared. A process of "merging" in which two convective cells generated in relatively narrow areas combined into a larger convective cell was also seen.
Time from Echo Generation to Rainfall Peak
In weather forecasting operations, great attention is paid to monitoring thunderstorms from when thunderstorms are recognized until rainfall peaks occur. The time from when convective cells were generated at the 2 km level until rainfall intensity at the 2 km level indicated its peak was investigated for 179 individual convective cells. The reason why rainfall intensity at the 2 km level was used is that the JMA makes radar composite maps from radar data at the 2 km level. This time has a peak at 10 minutes as shown in Fig. 14a , followed by 20 and 0 minutes. Consequently, rainfall peaks occurred within 30 minutes after the initiation of radar echo for 166 (93% of the total) convective cells.
When a histogram is made for 66 heavy rainfall convective cells with total rainfall amounts greater than 60 mm in the same manner as Fig. 14a (Fig. 14b) , the peak is also at 10 minutes, followed by 20, 30, and 0 minutes. Note that the ratios of 20 and 30 minutes are higher than those in Fig. 14a . In almost all cases, when convective cells were recognized in radar displays, only 20-30 minutes remained for forecasters to makeadecision on issuing heavy rainfall warnings, and a rainfall peak occurred on the surface almost simultaneously when convective cells were recognized using radars in the case of 20% of convective cells. This fact underscores the difculty of issuing heavy rainfall warnings in a timely manner by monitoring thunderstorms using radars, as described in Section 1 [12] .
Convective Cells that Caused Heavy Rainfall in
Zoshigaya The rain gauge located near Zoshigaya recorded "torrential rainfall" of 134 mm in 100 minutes from 1150 to 1330 JST on August 5, 2008, which caused a fatal accident at a sewer construction site in Zoshigaya [1] . A convective cell generated in the southern part of Tokyo at 1100 JST slowly moved northward, then reached Zoshigaya and caused heavy rainfall, merging with another thunderstorm generated ahead of it. To understand whether this convective cell is a particularly developed thunderstorm or not, cumulative histograms for 179 convective cells were created in terms of horizontal size, lifetime, and total rainfall amount, and the order of this convective cell was examined (not shown in gure).
The maximum horizontal size of this convective cell was 63 km 2 (corresponding diameter of 9 km, cumulative frequency order of 96%), the lifetime 110 minutes (the order of 95%), and total rainfall amount estimated from radar 175 mm (the order of 97%). It was therefore found that the convective cell that caused the heavy rainfall at Zoshigaya was ranked at the highest position among 179 convective cells in all three aspects: horizontal size, lifetime, and total rainfall amount.
Comparison with Other Cases
The targets of this study are 179 thunderstorms that were generated in and around the Tokyo metropolitan area in a summer day. The number of days on which air-mass thunderstorms occurred (air-mass thunderstorm days) in Tokyo from 1999 to 2010 was investigated. Airmass thunderstorms were generated on 132 days of the 12 years. The average was 11 days in a year with a large uctuation. Occurrences of scattered thunderstorms with small horizontal size as in the present case are found on 1-10 days a year with an average of 5 days. In 2008, air-mass thunderstorms of this type were generated on 10 days, occurring most often during the 12 years. This indicates that August 5, 2008 was one of those typical days on which unorganized small air-mass thunderstorms were generated.
Since there is no preceding study on this kind of radar statistics in Japan, results of this study will be compared with overseas studies. Table 2 combines data collected by Lopez (1977) [24] and Potts et al. (2000) [25] . Values in the table are calculated again as geometric mean rather than arithmetic mean using original data in order to avoid error due to outlier data. The generation and development of thunderstorms are affected by various factors such as atmospheric stratication, vertical wind shear, and landforms, but individual mean values are simply compared in terms of horizontal size, echo-top height, and lifetime without considering these factors.
Horizontal sizes, as shown by equivalent circle diameters in Table 2 , ranged from 1.8 km to 7.3 km in 10 cases, and 5.5 km of the present case is, almost the mean value among them. No regional characteristics are found in horizontal size. A statistical analysis made by Potts et al. (2000) [25] for thunderstorms around Sydney, Australia in the summer season denes "thunderstorms" using a reectivity threshold of 30 dBZ, obtaining a mean of 7.3 km in the horizontal size. When the threshold value is reduced to 30 dBZ from 35 dBZ in this study, the horizontal size in this study is increased by about 30% and the mean becomes 6.4 km, being closer to the value of Potts et al. (2000) [25] .
Regarding echo-top height, the mean of this study, 12.3 km, is particularly high compared to other cases. It may not make much sense, however, to compare it with cases in other regions, since echo-top height of convection strongly depends on thermal stratication. Potts et al. (2000) [25] obtained the value of 5.3 km by setting the threshold for echo-top height as 30 dBZ. A larger echotop height would be expected in their study if the threshold value is set to 12 dBZ as in the present case. The present case of lifetime shows the longest value in5cases in which the lifetime of convections was investigated in · The echo-top height for half of all convective cells reached 15 km, which was the measurement limit of radar observation. This is a value 1 km higher than the level of neutral buoyancy, 14 km, calculated from the sounding at Tateno.
· Concerning the maximum value of rainfall intensity from each convective cell, 67% of convective cells showed "very intense rainfall" larger than 60 mm/h, and half of the total cells gave "torrential rainfall" greater than 80 mm/h.
· The maximum value of total rainfall amount from each convective cell was less than 40 mm for about half of cells, and 60 mm or more for one third of the total.
· VIL ranged from 1.4 to 42.4 kgm −2 with a mean of 15 kgm −2 . The maximum VIL was about 70% of precipitable water calculated from upper sounding observation.
· A combination of 2 indices for each convective cell, i.e., maximum reectivity intensity at the 2 km level and lifetime, shows a positive correlation with large dispersion.
· Convective cells moved as slowly as 2 ms −1 because wind was weak in the middle lower troposphere. Some convective cells appeared to move due to the mode of propagation in which a new convective cell was generated near a preexisting cell.
· The time from when thunderstorms were recognized by the radar system until rainfall peaked was 10-30 minutes in almost all cases. This caused the difculty in issuing heavy rainfall warnings in a timely manner when thunderstorms were monitored using radars.
· The convective cell that caused the Zoshigaya rainstorm was of the highest rank of the 179 thunderstorms in all aspects: horizontal size, lifetime, and total rainfall amount.
· As a result of a comparison with similar statistical analysis results overseas, the horizontal size of this study was equivalent to overseas results, whereas echo-top height and lifetime were larger.
Morphological aspects of thunderstorms generated in and around Tokyo on a summer day were understood based on the present research. Part II [26] discusses methods for monitoring of thunderstorm behavior using radars and issuing heavy rainfall warnings more rapidly and more precisely for local heavy rainfall caused by thunderstorms using the analysis results obtained in this study as basic data. These results may also be used as a basic background for thunderstorms by forecasters and for the verication of numerical forecasts, particularly for mesoensemble numerical modelings [27] .
